[1] During a major flood event, the inundation of urban environments leads to some complicated flow motion most often associated with significant sediment fluxes. In the present study, a series of field measurements were conducted in an inundated section of the City of Brisbane (Australia) about the peak of a major flood in January 2011. Some experiments were performed to use ADV backscatter amplitude as a surrogate estimate of the suspended sediment concentration (SSC) during the flood event. The flood water deposit samples were predominantly silty material with a median particle size about 25 mm and they exhibited a non-Newtonian behavior under rheological testing. In the inundated urban environment during the flood, estimates of suspended sediment concentration presented a general trend with increasing SSC for decreasing water depth. The suspended sediment flux data showed some substantial sediment flux amplitudes consistent with the murky appearance of floodwaters. Altogether the results highlighted the large suspended sediment loads and fluctuations in the inundated urban setting associated possibly with a non-Newtonian behavior. During the receding flood, some unusual long-period oscillations were observed (periods about 18 min), although the cause of these oscillations remains unknown. The field deployment was conducted in challenging conditions highlighting a number of practical issues during a natural disaster.
Introduction
[2] The vulnerability of urban environments with respect to flooding has been a long-standing concern of society [Yevjevich, 1992; Ntelekos et al., 2008] . The inundation of urban environments leads to some complicated flow motion associated with significant sediment fluxes evidenced by the brownish color of the waters. Some key parameters are the suspended sediment concentration (SSC) and suspended sediment flux. The development of acoustic Doppler velocimetry (ADV) allowed the simultaneous measurements of instantaneous velocities and acoustic backscatter amplitude with relatively high temporal and spatial resolution, the latter being linked with the small control volume size. The backscatter amplitude may be related to the instantaneous suspended sediment concentration, although with proper calibration [Fugate and Friedrichs, 2002; Nikora and Goring, 2002; Voulgaris and Meyers, 2004] .
[3] In the present study, the authors deployed an ADV unit in an inundated urban environment during a major flood of the Brisbane River in January 2011, and they investigated the relationship between ADV backscatter amplitude and suspended sediment concentration. Flood deposit materials were collected in an inundated urban environment during the flood event to characterize the sediment properties. The aim of the study was to collect field measurements in a flooded urban setting and to characterize the suspended sediment flux. The results included the simultaneous measurements of turbulent velocities, SSC, and suspended sediment flux at high frequency for several hours about the peak of the flood.
Methods, Physical Environment, and Instrumentation
[4] The Central Business District (CBD) of the City of Brisbane is located on the left bank of the Brisbane River (Figures 1 and 2) . Figure 1a is a map of the Brisbane River catchment, Figure 1b shows a map of the Brisbane River course through the City of Brisbane and Figure 2 presents an aerial view of the city center highlighting the 2011 field site location (red arrow). The city center is located 22 to 24 km upstream of the river mouth within the estuarine zone and the catchment area is 13,500 km rainfalls were recorded across eastern Australia [BOM, 2011a,; Chanson, 2011] . In January 2011, the City of Brisbane experienced a major flood as the result of a combination of a heavily soaked catchment after a couple of months of rain, some heavy continuous rainfalls during the first two weeks of January 2011 in the whole Brisbane River catchment, and some intense rainstorm events over the upper and middle catchments on 10 and 11 January 2011 [BOM, 2011a] . All these induced some major flooding in Brisbane with the flood waters peaking on 12 January afternoon and 13 January early morning ( Figure 3 ). The January 2011 flood caused the first major inundation of the City of Brisbane in 38 years, and the second major inundation in over 100 years. Figure 3 presents the flood hydrograph at three gauging stations located at 23, 49, and 71 km upstream of the river mouth; all elevations were measured above the Australian height datum (AHD). The gauge stations are shown in Figure 1b .
[5] On 12 to 14 January 2011, an acoustic Doppler velocimeter SonTek TM microADV (16 MHz, Serial No. A843F) was deployed in the inundated Gardens Point Road (Table 1 and Figure 4 ). The ADV unit was equipped with a threedimensional-side-looking head. The ADV system was sampled at 50 Hz. Figure 4 presents the field site showing Gardens Point Road during and after the flood (Figures 4a and 4b) , and a three-dimensional sketch of the ADV location relative to the adjacent car park (Figure 4c ). Gardens Point Road was flooded from the morning of Wednesday 12 January 2011 till the early hours of Friday 14 January 2011. During the study period, the air temperature ranged between 18 and 27 C [BOM, 2011b] . At the sampling site during the study period, the water depth ranged between about 1 m and zero when the flood receded. This site was located between a busy access road and a car park during normal weather conditions; it was not a permanent monitoring site. All the ADV data underwent a thorough post-processing procedure to eliminate any erroneous or corrupted data from the data sets to be analyzed. The post processing included the removal of communication errors, the removal of average correlation values less than 60% [McLelland and Nicholas, 2000] and the removal of average signal-to-noise ratio (SNR) data less than 5 dB. Herein a 5 dB SNR threshold was selected because the SNR was observed to decrease sharply for suspended sediment concentrations (SSCs) greater than 40 kg m
À3
. The accuracy on the ADV velocity measurements was 1% of the velocity range (2.5 and 1 m s À1 ) [Sontek, 2008] . Further details were reported by .
[6] Some sediment material was collected next to the sampling site about the high water line on 13 January 2011 midmorning and on 14 January 2011 early morning. The flood water deposit samples consisted of silty materials. A series of laboratory tests were conducted to characterize the bed material, i.e., the particle size distribution, organic content, rheometry, and acoustic backscatter properties. The soil sample granulometry was measured with a Malvern TM laser sizer with duplicate measurements [Shi, 2011] . Note that no specific procedure was introduced to break the flocs. The fraction of organic content was determined by loss on ignition tests. The samples were oven dried at 105 C for 48 h before being allowed to cool down to room temperature ; the subsamples were heated to 300 C for 2 h and then to 780 C for 1 h [Schumacher, 2002] . The rheological properties of flood water deposits were tested with a Mettler TM 180 viscometer with a clearance of 0.59 mm between the two cylinders. The tests were repeated for a range of sample dilutions and analyzed following Shi and Napier-Munn [1996] .
[7] The calibration of the ADV in terms of SSC was accomplished by measuring the signal amplitude of known, artificially produced concentrations of material obtained from the flood water deposit, diluted in tap water, and thoroughly mixed. All the experiments were performed on 18 January 2011. The laboratory experiments were conducted with the same SonTek TM microADV system using two settings, identical to those used during the field observations on 12 to 14 January 2011. For each test, a known mass of sediment was introduced in a water tank which was continuously stirred with a paint mixer. The mixer speed was adjusted during the most turbid water tests to prevent any obvious sediment deposition on the tank bottom. The mass of wet sediment was measured with a Kern TM PCB2000-1 (Serial No. WD080016381) balance, and the error was less than 0.1 g. The mass concentration was deduced from the measured mass of wet sediment and the measured water tank volume. During the tests, the suspended sediment concentrations ranged from less than 0.03 to 98 kg m À3 .
Results

Sediment Properties
[8] The sampled flood deposits were basically classified as cohesive mud. The relative density of wet sediment samples was about s ¼ 1.461, corresponding to a sample porosity of 0.72 assuming a relative sediment density of 2.64 [Morris and Lockington, 2002; Shi, 2011] . The particle size distribution data are presented in Figure 5 and the grain size statistics are summarized in Table 2 (columns 7 to 10). Figure 5 includes both the probability distribution and cumulative probability distribution functions (PDF) of four flood water deposits. The results were close considering that they were collected over two different days at four different locations ( Table 2 ). The median particle size was in the silt size range with an approximate diameter of 25 mm [Graf, 1971; Julien, 1995; Chanson, 2004] and the sorting coefficient ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi d 90 =d 10 p ranged from 4.6 to 6.6 (Table 2 ). For comparison, some sediment samples collected in the Brisbane River are included in Table 2 : The data indicated a median particle size ranging from about 5 mm to more than 1 mm (Table 2 ). Suspended sediment sampling in a number of Queensland rivers yielded a median particle size between 4 and 16 mm during small to moderate floods [Horn et al., 1998 ]. The present particle size data were comparable to suspended sediment sample data collected during the flood events despite the different systems.
[9] The fraction of organic carbon in the flood water deposits was about 8%-9% on average (Table 2, column 9). For comparison, Morris and Lockington [2002] sampled the Brisbane River bed materials during a dry period and measured an organic carbon fraction ranging from 0.63% to 1.8%. The 2011 flood sediment data showed comparatively larger organic contents.
[10] The rheometry tests provided some information on the apparent yield stress c and effective viscosity of the mud sludge as functions of the sample density. Herein only a rapid but also approximate characterization of the sediment material was performed (Figure 6a ). The yield stress and apparent viscosity were estimated during the unloading phase by fitting the rheometer data with a Herschel-Buckley model, to be consistent with earlier studies [Roussel et al., 2004; Chanson et al., 2006a Chanson et al., , 2011 . In a HerschelBulkley fluid, the relationship between shear stress and shear rate @V/@z is assumed to be
where 0 < m < 1 [Huang and Garcia, 1998; Wilson and Burgess, 1998 ]. For m ¼ 1, equation (1) yields the Bingham fluid behavior, and a Newtonian behavior for m ¼ 1 and c ¼ 0. The experimental results are presented in Figure 6 and Table 3 . The behavior of mud material highlighted some differences between the loading and unloading sequences (Figure 6a ). For shear rates @V/@z larger than 300 s
À1
, the loading and unloading tests gave close results, suggesting a conservation of the macroscopic structure Table 3 (columns 7 to 9). Figure 6b shows further the effects of dilution rate (or sample solid fraction) on the apparent yield stress c and effective viscosity of the mud sludge.
[11] The rheometry results provided a characterization of the material yield stress, which is related to the minimum boundary shear stress required to erode and resuspend the sediments [Otsubo and Muraoko, 1988] . Furthermore, at high suspended sediment concentrations, the present results implied that the flood waters might exhibit some nonNewtonian characteristics, and their behavior cannot be predicted accurately without a rheological characterization of the sediment materials [Wang et al., 1994; Antoine et al., 1995; Coussot, 1997] .
Acoustic Backscatter Amplitude and Suspended Sediment Concentration Calibration
[12] The relationship between acoustic backscatter amplitude (Ampl) and suspended sediment concentrations (SSC) was tested in laboratory for SSCs between 0 and 98 kg m , the data yielded a monotonic increase in suspended sediment concentration with increasing backscatter signal amplitude. A similar finding was discussed by Fugate and Friedrichs [2002] and Chanson et al. [2008] at low SSCs. For small Figure 5 . Particle size distributions of Brisbane River flood water deposit samples collected along Gardens Point Road on 13 and 14 January 2011: Probability distribution function (PDF) and cumulative probability distribution function. 
with a normalized correlation coefficient of 0.980 and 0.999, respectively. Equations (2) are compared with the data in Figure 7a .
[13] It is shown in section 3.3 that the SSCs were greater than 3 kg m À3 during the field study, and equations (2b) and (2c) were used to estimate the suspended sediment concentration from the signal amplitude.
Field Measurements of Instantaneous Velocity, SSC, and Suspended Sediment Flux
[14] On 12-14 January 2011, the field measurements were conducted in an inundated section of the city center. The present study did not yield a continuous data set because of a number of practical issues experienced during the investigation. At the end of the second deployment (data file T2; Table 1), the ADV unit was found held solely by its cable. It is believed that the ADV was first dislodged by the impact of a timber log and, later, a rubbish bin wheel became entangled in the ADV cable. On the morning of 13 January 2011, the ADV unit was repositioned to a nearby handrail and mounted vertically (location B). During the fourth deployment (data file T4; Table 1), the ADV unit had to be stopped because the generator was required to assist flood victims. The fifth and final deployment (data file T5; Table 1 ) ended when the flood waters receded and the upper ADV receiver came to be out of the water. After the ADV was dislodged by impact (data file T2), the ADV unit was inspected, checked, and tested (test T3). While the test results were successful, an inspection of the ADV system revealed that the stem was very slightly bent. The authors acknowledge that this physical damage might have some effect on the ADV data, although a careful data analysis of tests T3, T4, and T5 shows no obvious problem. [15] The ADV unit was placed at two closely located sites where the ADV sampling volume was at 0.35 and 0.083 m above the bed (Table 1 , column 7). Both sites are highlighted in Figures 4b and 4c . Figure 8 presents the time variations of instantaneous longitudinal velocity and the data are compared with the water elevations of the Brisbane River at the City Gauge located 1.55 km downstream. In Figure 8 , the invert elevation (3.42 m AHD) at the sampling site is shown with a horizontal dashed line using the same vertical scale as the City Gauge water elevation data. The longitudinal velocity data illustrated some large fluctuations around a mean trend (thick black line) throughout the study period. The magnitude of longitudinal velocity was about 0.5 m s
À1
, all except during the last data set T5 (Table 4 , column 7). For comparison, the longitudinal velocity in the main channel of the Brisbane River was estimated to be between 3.5 and 4.5 m s À1 at the peak of the flood (T. Malone, personal communication, 2011) . During the last data set T5, the water level dropped rapidly from 0.26 m down to less than 0.10 m when the ADV unit came to be out of the water. The velocity data showed a very slow motion implying that the inundation flow was disconnected from the main river channel.
[16] The large fluctuations of all velocity components were caused by slow oscillations with dominant periods of about 60 to 100 s, as illustrated in Figure 9 for the longitudinal velocity component. The characteristic period was close to the first mode of natural sloshing resonance of the water body, linked with the C block car park length . It is believed that the flow constriction created by the concrete stairwells seen in Figure 4c induced some choking. The gap between stairwells was 10 m compared to the car park width of 33.6 m. When the flow in the stairwell contraction choked, the energy losses in the contraction became substantially larger than the rate of energy loss of the main flow, and the inundation flow would redirect around the stairwells to achieve a minimum energy path. The pattern yielded some flow instabilities in the surroundings of stairwells which could be amplified when their period was close to the natural sloshing period of the building car park .
[17] There were a small number of suspended sediment sampling undertaken in the Brisbane River catchment during the early part of the flood event. The data yielded SSC ¼ 4. Figure 1a . Both the Lockyer Creek and Bremer River discharged into the Lower Brisbane River upstream of the City of Brisbane, and their courses are undammed. The suspended sediment samples were collected manually and from automatic samplers, and the data were restricted to the rising limb of the flood hydrograph because of subsequent equipment failures and inaccessibility of the flooded sites. Only the last two samples were collected during the rising limb of the main flood event and these SSC data were of the same order of magnitude as the SSC values deduced from the ADV signal amplitude during the rising limb of the flood hydrograph in Brisbane (Figure 10a , left side). Furthermore, during large floods similar to the present investigation, the Brisbane River water was murky and some suspended sediment load extrapolation would predict SSCs in excess of 3 kg m À3 [Horn et al., 1998 [Horn et al., , 1999 . On 12 and 13 January 2011, the flood water was very turbid when the authors went into the water at Gardens Point Road. With a crude analogy with the Secchi disk method, they could not see their fingers about 2-3 cm below the water surface which corresponded to SSCs greater than 5 to 25 kg m À3 during the laboratory tests. Lastly, the calculations based upon equation ( 
) and SNR (dB). Comparison between data and equation (3).
yield negative (meaningless) SSC values during the falling limb of the hydrograph (samples T3, T4, and T4) since the signal amplitude values were typically below 90 to 95 counts. All these suggested that the SSCs were greater than 3 kg m À3 in Gardens Point Road on 12-14 January 2011, and equations (2b) and (2c) were representative of the relationship between the suspended sediment concentration (SSC) and signal amplitude (Ampl).
[18] The time variations of suspended sediment concentration SSC and longitudinal suspended sediment flux q s ¼ SSC Â V x are presented in Figure 10 . In Figure 10 each graph includes the instantaneous data and the mean values, as well as the City Gauge data for comparison. The suspended sediment concentration data showed a general trend with an increase in mean concentration from about 6 to more than 20 kg m À3 during the entire study period (Figure 10a  and Table 4 (column 10). These values were comparable to the sediment sampling observations in the Lockyer and Bremer Valleys during the rising stage of the flood (see above). The present data trend might be linked with the change in ADV sampling volume elevation between locations A and B. During the test T5 with shallow waters, it is likely that the data reflected an increase in SSC prior to mud deposition on the concrete invert. The SSC data highlighted some large and rapid fluctuations in sediment concentration (Figure 10a ). The SSC fluctuations were dominated with high-frequency fluctuations, corresponding to periods less than 3 s.
[19] During the data series T4 on Thursday afternoon of 13 January 2011, the suspended sediment concentration estimates highlighted two unusual features. First, some large suspended sediment concentrations and large fluctuations in SSC about the mean trend were observed between t ¼ 135,600 and 140,800 s, i.e., on 13 January between 13:40 and 15:10. The period corresponded to an unusual flow pattern with changes in longitudinal flow direction by up to 12 at the sampling point. It is conceivable that the development of large-scale vortical structures could have enhanced turbulent mixing and resuspended some deposited sediment materials at the time. The passage of debris and some form of upstream blockage induced by debris might be a plausible explanation for the large suspended sediment concentrations and longitudinal flow direction shift. The possibility of some stratification of the water column at the sampling site might not be discounted, although visual observations in the Brisbane River main channel indicated some murky surface waters during the same period. Second, another feature was the existence of long-period oscillations in terms of suspended sediment concentration with a period of about 1100 s (18 min) (Figure 10a ). Such oscillations were not seen in the velocity data (Figure 8) , and the authors do not have any physical explanation.
[20] The longitudinal suspended sediment flux data q s ¼ SSC Â V x showed some substantial sediment flux values which would be consistent with the murky color of the Brisbane River (Figure 10b ). On average, q s ranged from 2.5 to 11 kg s À1 m
À2
. Herein q s represents a sediment flux per unit area at the sampling location. The results highlighted some large fluctuations in suspended sediment flux per unit area during the study about the peak of the flood (Figure 10b) . Furthermore, the data showed a major increase in sediment flux about t ¼ 136,263 s (13 January at 13:51) (Figure 10b ). It is believed to be linked with the high values of SSC observed at the time. During the data series T5, the sediment flux data indicated some low flux values despite some large SSCs. This series corresponded to a period of very sluggish flow motion (Table 4 , column 7), likely associated with sediment deposition on the invert.
[21] The turbulent kinetic energy TKE was estimated as
where the velocity fluctuation v was the velocity deviation from a mean velocity hVi calculated as the low-pass filtered velocity data with a cut-off frequency of 0.002 Hz (1/500 s À1 ):
[22] For example, both V x and hV x i are shown in Figure 9 . Herein the velocity fluctuation v, hence the turbulent kinetic energy, encompassed both the slow fluctuating motion and the turbulent motion [Brown and Chanson, 2013] . The turbulent kinetic energy and its mean value are presented in Figure 10c . The mean TKE was calculated as
with the averaging being calculated over a 500 s interval (25,000 data samples). The TKE data, as well as the fluctuations of all three velocity components (not shown), did not show any anomalies around the time of sediment concentration and flux spikes which might explain the physical data.
Discussion
[23] Despite some manufacturers' recommendations [e.g., Sontek, 2008] , Salehi and Strom [2011] argued that the signal-to-noise ratio (SNR) may be used as a surrogate measure for SSC. For the present tests, the relationship between SSC and SNR is shown in Figure 7b , illustrating similar features to the relationship between SSC and signal amplitude. The data were best correlated by 
where SNR is in decibels, with a normalized correlation coefficient of 0.961, 0.977, and 0.997 respectively. Equations (6) are compared with the data in Figure 7b . Equations (6b) and (6c) were tested and compared against equations (2b) and (2c), respectively, for the entire field data set. The calculations showed close results both qualitatively and quantitatively in terms of the SSC estimates based upon the signal amplitude and SNR (Figure 11 ). Figure 11 presents a comparison for the whole data set. The SSC estimates were very close during the rising limb of the hydrograph (ÁSSC < 0.13 kg m À3 on average). During the falling part of the flood hydrograph, the SSC estimates based upon the SNR (equations (6)) tended to overestimate the SSC by about þ3 kg m
À3
, compared to the SSC estimates derived from the signal amplitude (equations (2)). Simply the SNR might be a suitable SSC surrogate for the present data set.
[24] Some statistical properties in terms of suspended sediment concentration SSC and flux per unit area q s are presented in Table 4 (columns 10 and 11). Altogether the physical data highlighted some significant sediment load with large SSCs and suspended sediment fluxes per unit area. Figure 12 presents the suspended sediment load per unit area data as functions of the suspended sediment concentrations. The present time-averaged data were compared with physical data recorded in rivers during floods and in estuaries (Table 5 and Figure 12) . Table 5 regroups a present findings implied higher suspended sediment concentrations and fluxes than in many other river floods. The present results were further consistent with the earlier findings of Horn et al. [1999] during floods in Queensland rivers.
[25] Using bentonite suspensions with 5% mass concentration, Chanson et al. [2006a] highlighted a non-Newtonian thixotropic flow behavior using both dam break wave experiment and rheometry tests. Similarly Coussot and Ovarlez [2010] showed the non-Newtonian thixotropic behavior of bentonite suspensions with volume concentrations between 3% and 7% based upon direct magnetic resonance imaging (MRI) observations, and their data trend hinted a non-Newtonian behavior for mass concentrations as low as 1%. During the present field study, SSC estimates between 5 and 60 kg m À3 were recorded (Figure 10a ), corresponding to volume concentrations between 0.2% and 2.3%, and mass concentrations between 0.5 and 6%. The present findings indicated some high suspended sediment concentration levels together with the rheological data, for which a non-Newtonian flow behavior could be expected.
[26] Importantly the present data were point measurements. They should not be extrapolated to the main river channel or any other floodplain sections. When the authors were in the water on the evening of Wednesday 12 January and Thursday 13 January to install and later relocate the ADV unit, the car park invert was bare concrete. There was no sediment deposit, no bed form, or any form of bed load motion. Owing to the relatively fast and turbulent motion, the sediment motion was dominated by sediment suspension.
[27] It may be stressed that the present field data set was obtained under very difficult conditions when the Brisbane city and its business district were locked out, access to most field equipment was extremely difficult, and the field deployment started before the peak of the flood at a time of conflicting forecasts in terms of the highest water level (by up to 1 m).
Conclusion
[28] During the January 2011 flood of the Brisbane River in Brisbane (Australia), a field investigation was conducted in an inundated urban environment, and a number of flood water deposit samples and velocity data were collected. ) as a function of the suspended sediment concentration SSC. Comparison between present data (periods T2, T4, and T5), observations in rivers during flood, and data in estuaries (Table 5 ). (6b) and (6c)) as a function of SSC derived from the signal amplitude (equations (2b) and (2c)) along Gardens Point Road during the January 2011 flood for the whole data set (1,629,208 samples). The sediment material was cohesive with a typical particle size of about 25 mm, and the mud sludge exhibited a nonNewtonian behavior. Some experiments under controlled conditions were performed to use the acoustic backscatter amplitude of an ADV as a surrogate estimate of the suspended sediment concentration (SSC), although the data suggested the signal-to-noise ratio (SNR) to be also a valid proxy. The laboratory data showed that the relationship between SSC and backscatter amplitude had two distinct trends: a monotonic increase of SSC with signal amplitude for SSC < 3 kg m
À3
, and a decrease in backscatter amplitude with increasing SSC for large suspended loads.
[29] The field measurements were conducted in the inundated urban setting about the peak of the Brisbane River flood with the microADV system. The data set yielded the instantaneous velocity, suspended sediment concentrations, and suspended sediment flux per unit area at the sampling site in the inundated urban setting. The suspended sediment concentration (SSC) estimates showed a general trend with increasing SSC for decreasing water depth: the mean suspended concentration increased from 6 to more than 20 kg m À3 during the study period. The suspended sediment flux data highlighted some substantial sediment flux values consistent with the murky appearance of floodwaters. The end of the study was marked by a period of very slow flow motion when sediment deposition on the invert likely took place. During a data series (T4), some long-period oscillations were observed with a period of about 18 min, although the cause of these oscillations remains unknown to the authors. Altogether the field data set implied very significant levels of SSC and suspended sediment flux in the Brisbane River.
[30] It must be noted that the present study highlighted a number of limitations. The results were obtained at a site in a complicated urban environment. Different results might have been observed at other flooded locations and in the main river channel. The calibration curve was specific to the microADV unit at the time of the tests. Lastly, the field deployment was conducted in very challenging conditions. These included the preparation and installation of the equipment when most services were shut down and many city streets were under water, during a period when nearly 150,000 people were affected by the flood in Brisbane. 
